Salmonella enterica serovars Typhi and Typhimurium are two closely related bacteria causing different types of infection in humans. Iron acquisition is considered essential for virulence. Siderophores are important iron chelators and production of enterobactin and salmochelins by these serovars was quantified. Overall, Salmonella Typhi produced higher levels of siderophores than Salmonella Typhimurium. The role of the global regulator Fur, involved in iron homeostasis, present and conserved in both these serovars, was then investigated. Deletion of the fur gene led to distinct phenotypes in these serovars. Defective growth in iron-rich and iron-limiting conditions and formation of filamentous cells was only observed in the S. Typhi fur mutant. Furthermore, Fur was required for optimal motility in both serovars, but motility was more reduced for the fur mutant of S. Typhi compared to S. Typhimurium. During interaction with human-cultured macrophages, Fur was more important for S. Typhi, as the fur mutant had severe defects in uptake and survival. Globally, these results demonstrate that Fur differentially affects the physiology and the virulence phenotypes of the two strains and is more critical for S. Typhi growth, morphology, motility and interaction with host cells than it is for S. Typhimurium.
INTRODUCTION
Salmonella enterica is an important bacterial pathogen and is responsible for foodborne illness or enteric fever in humans. The two major serovars causing these infections are Salmonella enterica serovar Typhimurium (S. Typhimurium) and Salmonella enterica serovar Typhi (S. Typhi), respectively. Salmonella Typhimurium can infect a large spectrum of hosts and causes gastroenteritis, an infection localized in the intestine and associated with local inflammatory response that results in diarrhea (Haraga, Ohlson and Miller 2008) . Salmonella Typhi is a host-restricted serovar that infects only humans and causes a systemic infection, an enteric fever also called typhoid fever. Salmonella Typhi infection leads to a lower level of intestinal inflammation than the infection by S. Typhimurium (Haraga, Ohlson and Miller 2008) . Differences in host range and pathogenic mechanisms of S. Typhi and S. Typhimurium are attributed to a unique repertoire of genes and differences in regulation of expression of conserved genes pMEG-375 with flanking region of fur used for fur deletion (Leclerc et al. 2013) pSIF150 pWSK29 carrying a 1-kb fragment of ISP1820 fur gene (Leclerc et al. 2013) pSIF245 pWSK29 carrying a 1-kb fragment of 14028 fur gene This study pWSK29
Low copy number cloning vector, Ap r (Wang and Kushner 1991) among these two serovars that may occur during the infectious process (Sabbagh et al. 2010) . During the course of infection, S. Typhimurium and S. Typhi compete with the host to obtain essential nutrients, such as iron. Inside the host, iron is sequestered by several proteins including transferrin, lactoferrin, heme-containing proteins (hemoglobin) and ferritins (Cassat and Skaar 2013; Porcheron et al. 2013) . During infection, the host responds by sequestering iron from the bacteria (Nairz et al. 2010) . In turn, Salmonella use a number of acquisition systems, including small chelating molecules called siderophores, to obtain iron from the host. Salmonella Typhimurium and S. Typhi harbor the same iron-acquisition systems (McClelland et al. 2001; Parkhill et al. 2001) , including the genes ent (fepA and fes) and iro encoding proteins required for the synthesis, export, import and hydrolysis of the siderophores enterobactin and salmochelins, respectively. The ferrous iron transport systems Feo, Sit and MntH are also found in both serovars.
As for most bacteria, iron is essential for Salmonella, but iron can be toxic under aerobic conditions. Salmonella have different regulatory systems that maintain cellular iron homeostasis. The major iron homeostasis regulator is the Fur protein that represses genes encoding iron-acquisition systems by binding to a conserved sequence called the Fur box that is found in the promoter region of iron-regulated genes (Escolar et al. 1999; Lee and Helmann 2007) . Fur is activated by Fe 2+ , so in iron-rich conditions, iron-acquisition systems are inhibited by this regulator, but when iron availability becomes limited, these targets are expressed and allow iron acquisition from extracellular environments. Like the majority of the Enterobacteriaceae, S. Typhimurium and S. Typhi possess the Fur protein and many reports have characterized the role of Fur in S. Typhimurium. Fur is a global regulator affecting the expression of many genes implicated in iron homeostasis, including the synthesis and transport of siderophores, transport and storage of iron and several iron-containing proteins (redox proteins, oxidoreductases and cytochromes). Fur also regulates the expression of genes implicated in other functions, including motility, the TCA cycle, respiration, oxidative and acid stress responses and virulence (Foster and Hall 1992; Tsolis et al. 1995; Bjarnason, Southward and Surette 2003; Osman and Cavet 2011; Troxell et al. 2011b) . The role of Fur in S. Typhi is less well characterized. Identification of Fur-regulated genes in this serovar was determined using the Fur titration assay and led to the identification of the iroBC genes from the iroA locus (Bäumler et al. 1996) . In addition, an in silico analysis led to the identification of several Fur boxes containing genes potentially regulated by Fur (Panina, Mironov and Gelfand 2001) . Recently, Fur was involved in the acid tolerance response of S. Typhi in acidic pH conditions (Brenneman et al. 2013) . Fur was also reported to be important for oxidative stress resistance and for the virulence of S. Typhi in epithelial cells and macrophages (Leclerc, Dozois and Daigle 2013) .
The Fur regulator is highly conserved in S. Typhimurium and S. Typhi, as the fur genes share more than 99.5% nucleotide identity and are predicted to encode identical proteins (McClelland et al. 2001; Parkhill et al. 2001) . However, since these two Salmonella serovars cause markedly different infections and demonstrate a considerable degree of genomic variability, a global regulator such as Fur could specifically regulate unique genes from either serovar, or differentially regulate genes common to the two serovars. Also, since S. Typhimurium and S. Typhi have divergent lifestyles and infection processes, inactivation of the fur genes could result in distinct phenotypes for the two bacteria. In this study, we characterized and compared S. Typhimurium and S. Typhi fur mutants for a variety of phenotypic properties. We showed that fur mutants of both bacteria have distinct phenotypes in growth, morphology, motility, virulence and siderophore production. Globally, the S. Typhi fur mutant was more markedly affected than the S. Typhimurium fur mutant, and these results indicate that the same transcriptional regulator of these two closely related bacteria differentially affects the bacterial physiological processes.
MATERIAL AND METHODS

Bacterial strains and growth conditions
Strains and plasmids used in this study are listed in Table 1 . Deletion of fur was generated by allelic exchange as described previously (Leclerc, Dozois and Daigle 2013) . Mutations were confirmed by PCR. Bacteria were grown overnight with agitation in Luria-Bertani (LB) broth, unless indicated otherwise. Ironlimiting conditions were obtained by the addition of 200 μM 2,2 -dipyridyl to LB medium. When required, antibiotic was added as follows: 50 μg ampicillin ml -1 . Growth curves of strains were assessed using a Bioscreen C Automated Microbiology Growth Curve Analysis System (Growth Curves, Piscataway, New Jersey, USA).
Analysis of siderophores from culture supernatants
Strains were grown overnight in LB, washed once with iron-free RPMI medium (without serum) (Wisent), diluted 1:100 in 10 ml of iron-free RPMI and grown with agitation for 17 h at 37
• C. Supernatants of the cultures were obtained following centrifugation of bacterial cells at 3200 g for 10 min, and 2 ml aliquots of supernatants were centrifuged at 15 000 g for 2 min. One mililiter aliquots of supernatants were prepared as described previously (Lepine et al. 2003) , and supernatant was analysed by liquid chromatography coupled to mass spectrometry (LC-MS/MS) as described previously (Caza et al. 2008) .
Microscopy
Strains were grown overnight in LB medium, diluted 1:100 in LB and grown with agitation at 37
• C to an OD 600 ranging from 0.5 to 0.6 corresponding to the exponential growth phase. Aliquots of 1 ml of each culture were then washed once with 1X PBS, and bacteria were stained using the Gram staining method. Samples were analysed using a Nikon Eclipse E600 microscope (Mississauga, Ontario) and the pictures were taken at a magnification of 1000 X.
Motility assay
Swimming of the mutants in LB 0.3% agar plates was tested as previously described (Sabbagh et al. 2012) . The plates were incubated at 37
• C for 16-18 h for Salmonella Typhi strains, and for 6 h for Salmonella Typhimurium strains. Following incubation, the swimming zone diameter of each strain was measured. Results represent the mean ± SEM of at least three independent experimental replicates and Student's two-tailed t-test was used for statistical analysis.
Infection of human-cultured macrophages
The human monocyte cell line THP-1 (ATCC TIB-202) was maintained as described previously (Daigle, Graham and Curtiss 2001) . For infection, cells were seeded at 5 × 10 5 cells per well in 24-well tissue-culture dishes and infection was performed as described previously (Daigle, Graham and Curtiss 2001) . The number of bacteria was determined as colony-forming units (CFU) by plating on LB agar. Results are expressed as the mean ± SEM of at least three experiments done in duplicate. The non-parametric Student's t-test was used for statistical analysis.
RESULTS AND DISCUSSION
Siderophore production
In Salmonella, Fur is known to regulate the expression of the genes necessary for the synthesis, export, import and hydrolysis of the siderophores enterobactin and salmochelins. Siderophore production by S. Typhi and S. Typhimurium. Concentrations of enterobactin and salmochelins were measured in culture supernatants of S. Typhi (STY) and S. Typhimurium (STM) wild-type strains and isogenic fur mutants grown in RPMI medium with no added iron. The amount of siderophore was normalized with the internal standard (5,6,7,8-tetradeutero-3,4-dihydroxy-2-heptylquinoline). Results represent the mean ± SEM of three analyses of biological replicates. Significant difference (P < 0.05) between the fur mutant and the wild-type strain is indicated by an asterisk.
The siderophores produced by Salmonella Typhi ISP1820 and Salmonella Typhimurium 14028 grown under low iron conditions were evaluated. Under the conditions used (iron-free RPMI medium), Fur was inactive and the repression of enterobactin and salmochelin production was relieved. The quantities of siderophores secreted by the different strains were determined by LC-MS/MS analyses. The siderophores measured by these analyses included enterobactin and salmochelin molecules. The S. Typhi strain produced more siderophores than the S. Typhimurium strain under these conditions (Fig. 1) . Indeed, enterobactin and salmochelin levels were respectively about fivefold and two-fold higher for S. Typhi than for S. Typhimurium. The production of these siderophores has been investigated in different strains of Escherichia coli and S. Typhimurium in vitro and during interaction with host cells (Lin et al. 2005; Zhu et al. 2005; Caza et al. 2008; Crouch et al. 2008; Caza, Lepine and Dozois 2011) , but to our knowledge, this is the first study that compares the relative levels of siderophores produced by two different serovars of Salmonella. The stress of iron starvation could be more pronounced for the S. Typhi strain under these growth conditions and may have led to higher levels of siderophore production compared to the S. Typhimurium strain. Interestingly, each strain produced more enterobactin than salmochelins. Enterobactin represented about 89% of the siderophores produced by S. Typhi, and about 82% of the siderophores produced by S. Typhimurium. This could suggest either lower levels of IroB-mediated glucosylation of enterobactin into salmochelins, or lower levels of IroC-mediated export of salmochelin. This observation is in contrast with previous studies that showed that, in iron-poor M9 medium, the ratio of enterobactin and salmochelins secreted by S. Typhimurium is approximately the same (Crouch et al. 2008) . The difference between the two experimental results could be explained by the different media and conditions used. Since salmochelins are important for virulence of Salmonella, the prevention of its sequestration by the host defence protein lipocalin 2 and the predominance of enterobactin would not be beneficial to this bacterium, and the production of salmochelins should favour Salmonella survival in the host.
Deletion of fur had little impact on siderophore production, as expected, since bacteria were grown under iron-limiting condition where Fur is inactivated. The S. Typhi fur mutant produced a little less enterobactin than the wild type, and the production of enterobactin remained constant in the S. Typhimurium wild type and its fur mutant derivative (Fig. 1) . In the fur mutants of both serovars, the levels and proportions of salmochelins increased, especially for the S. Typhimurium fur mutant (25%) that produced significantly more salmochelins than the wild type (18%). The difference in the levels of salmochelins produced by the S. Typhi fur mutant (18%) and the wild type (11%) was not significant. The increased production or secretion of salmochelins could be due to transcriptional or post-transcriptional mechanisms, such as an increased activity of IroB, where more enterobactin molecules would be glycosylated and become salmochelins, or an increased secretion through the IroC exporter could also lead to an increase in salmochelins in the supernatant.
Collectively, these results showed that, in iron-limiting conditions, Salmonella produces more enterobactin than salmochelins, and the proportion of secreted salmochelins increases in a fur mutant.
Growth and morphology of the fur mutants
The growth kinetics of the fur mutant strains of S. Typhi and S. Typhimurium were measured in iron-rich and iron-limiting conditions (Fig. 2) . In iron-rich conditions (LB), the S. Typhi fur mutant exhibited a growth lag in the exponential phase and an overall decreased growth compared to the wild-type strain ( Fig. 2A) . By contrast, the S. Typhimurium fur mutant exhibited no growth defect under these conditions (Fig. 2C) . Bacterial growth was also investigated under iron-limiting conditions where the metalchelating agent 2,2 -dipyridyl (200 μM) was added to LB medium. Overall, bacterial growth plateaued at a much earlier time point and at a lower OD 600 under these conditions even for the wildtype strains (Fig. 1B and D) . Even if the growth of the S. Typhi wild-type strain was poor, the growth of the fur mutant was even worse and the culture did not reach the OD 600 of the wild-type culture after 20 h of incubation (Fig. 2B) . Unlike for the iron-rich conditions, the S. Typhimurium fur mutant showed a growth defect in the iron-limiting conditions, particularly in the exponential growth phase, but eventually grew to an OD 600 similar to the wild type after 20 h (Fig. 2D) . In all the conditions tested, bacterial growth was restored to the wild-type level when the fur gene was introduced on a low-copy plasmid (pWSK29fur) in the fur mutant (Fig. 2) .
In Salmonella, growth of the fur mutants was variable and depended on the serovars and the growth medium. The growth of the fur mutant of S. Typhimurium 14028 was not affected in LB-MOPS-X medium (Troxell et al. 2011a) , and a growth defect for the S. Typhi ISP1820 fur mutant in minimal medium was reported previously (Leclerc, Dozois and Daigle 2013) . Here, we confirmed that Fur is also important for the growth of S. Typhi Figure 3 . Morphology of the wild-type strain (WT), isogenic fur mutant ( fur), and the complemented mutant ( fur) of S. Typhi (A) and S. Typhimurium grown in iron-rich conditions (LB) with agitation at 37
• C to an OD600 ranging from 0.5 to 0.6 corresponding to the exponential growth phase. Bacteria were stained by Gram staining and the pictures were taken at a magnification of 1000 X using a Nikon Eclipse E600 microscope.
in rich medium such as LB, with or without iron, and that the S. Typhimurium fur mutant 14028 grows slower only under ironlimiting conditions. To investigate if the growth defect observed with the S. Typhi fur mutant was associated to morphological changes, microscopy was performed (Fig. 3) . Bacteria grown in iron-rich conditions to exponential phase (OD 600 of 0.5-0.6) were stained using the Gram staining method. Observation of the stained bacteria revealed that the S. Typhi fur mutant formed long filamentous cells (Fig. 3A) . This is in contrast to the wild-type strain that formed normal rod-shaped cells (Fig. 3A) . This filamentous phenotype could explain the growth defect of the fur mutant ( Fig. 2A) . Filamentous cells were also observed for the S. Typhi fur mutant grown on LB agar plates, where this strain formed smaller colonies than the wild type (data not shown). Complementation of the S. Typhi fur mutant with the plasmid pWSK29 expressing fur completely restored the morphology, where the cells no longer formed filaments (Fig. 3A) . In addition, no morphological difference was observed between S. Typhimurium wild type and fur mutant strains, where both strains formed normal rod-shaped cells (Fig. 3C and D) . Collectively, these results showed that inactivation of the fur gene in S. Typhi ISP1820 leads to a more significant growth defect when compared to S. Typhimurium 14028. Thus, the S. Typhi fur mutant seems to encounter higher levels of stress than the S. Typhimurium fur mutant and increased cell filamentation. It has been shown that E. coli fur mutants can also form filaments, a phenotype associated with a bacterial protective response against the oxidative DNA damage (Touati et al. 1995) .
Importantly, the elongated cells phenotype of the fur mutant was also observed in S. Typhi Ty2 fur mutant but not in S. Typhimurium SL1344 fur mutant, suggesting that this phenotype was likely to be specific to S. Typhi.
Motility of the fur mutant strains
Previous studies have shown that Fur regulates the expression of motility genes in S. Typhimurium (Campoy et al. 2002; Bjarnason, Southward and Surette 2003) . Also, motility is associated • C and 6 μL of cultures were spotted on LB 0.3% agar plates.
Motility was measured after 6 h incubation for S. Typhimurium strains and after 16-18 h incubation for S. Typhi strains. Results represent the mean ± SEM of at least three independent experimental replicates and the data reflect the swimming zone diameter of each strain.
with Salmonella virulence (Liu et al. 1988; Schmitt et al. 2001) . The ability of the S. Typhimurium and S. Typhi fur mutants to swim in soft agar was evaluated. In general, S. Typhimurium swam much more rapidly than S. Typhi. Swimming zones were approximately the same size (25-30 mm) following incubation at 37 • C for 6 h for S. Typhimurium and for 16-18 h for S. Typhi. Both fur mutants exhibited a swimming defect when compared to the wild-type strains, but the defect was more pronounced and significant in S. Typhi (Fig. 4) . Indeed, S. Typhi and S. Typhimurium fur mutants swam about 50% and 20% less, respectively, when wild-type strains and isogenic fur mutants. The number of bacteria (CFU/ml) associated with cells was determined after uptake (0 h) and during survival (2 h and 24 h) in macrophages. All assays were conducted in duplicate and repeated independently at least three times. The results are expressed as the mean ± SEM of the replicate experiments. Significant differences (P < 0.05) between the mutants and the wild-type strains are indicated by asterisks.
compared to their wild-type counterparts (Fig. 4) . The fur complemented strains of both serovars regained the swimming phenotype to that of the wild-type strains (Fig. 4) . Mutations inducing filamentous morphology have been shown to reduce swimming motility of Salmonella (Shippy et al. 2011) . Since the fur mutant of S. Typhi formed filaments and had a reduced motility phenotype, the relation between filamentation and motility is expected. Therefore, the motility defects of the S. Typhi fur mutant could be explained by a combined decreased expression of motility genes and the filamentation phenotype leading to inhibition of swimming. These results confirmed the importance of Fur for the swimming motility of Salmonella, with a greater impact found in S. Typhi strain ISP1820 compared to S. Typhimurium 14028.
Role of Fur in the interaction of Salmonella with human-cultured macrophages
Fur is important for the virulence of Salmonella. Previous studies have shown that the S. Typhimurium fur mutant was attenuated in mice (Velayudhan et al. 2007; Curtiss et al. 2009; Troxell et al. 2011a) . However, the role of Fur in the interaction with macrophages is less characterized. When Salmonella infects macrophages, it faces the cellular antimicrobial defences including nutrient restriction, generation of reactive oxygen and nitrogen species and production of antimicrobial peptides (Vazquez-Torres and Fang, 2001) . A S. Typhi fur mutant was previously shown to be less virulent in macrophages (Leclerc, Dozois and Daigle 2013) . However, it is not clear if the S. Typhimurium Fur regulator is important for its interaction with macrophages. Using a gentamicin protection assay, we assessed the interaction of the wild-type strains and the isogenic mutants with human macrophages (Fig. 5) . As expected, the S. Typhi fur mutant was significantly impaired in uptake by macrophages, and in survival within these cells when compared to the wild type (Fig. 5A) . Indeed, the S. Typhi wild-type strain was internalized twice as much as the fur mutant (9.2% compared to 4.7%, respectively), while both S. Typhimurium wild type and its fur mutant were internalized at a higher but similar level (43% and 41%). The S. Typhi wild-type strain multiplied 2.7 times inside macrophages, whereas the low number of the internalized cells of the fur mutant did not replicate (1.1 times), and represented only 40% of the wild type. The complementation of the mutant resulted in the wild-type phenotype. The S. Typhimurium fur mutant demonstrated no difference in interaction with macrophage cells. Even if slightly lower levels of bacterial cells were recovered with the fur mutant at each time point when compared to the wild type, these differences were not statistically significant and the fur mutant multiplied 4.9 times, similar to the replication level of the wild-type strain (4.8 times). The S. Typhimurium fur mutant could presumably survive inside macrophages because it is more resistant to the stress encountered within these cells. This may explain why Fur is not necessary for S. Typhimurium survival in human macrophages, a result in agreement with previous reports (Garcia-del Portillo, Foster and Finlay 1993) . We have previously demonstrated that the S. Typhi fur mutant was significantly more sensitive than the wild-type strain to oxidative stress, such as hydrogen peroxide (Leclerc, Dozois and Daigle 2013) ; however, this phenotype was also observed with the S. Typhimurium fur mutant (data not shown), which cannot explain the difference observed during infection of macrophages.
Moreover, Fur can regulate specific virulence factors in each serovar and this might explain the observed differences in interaction with macrophages. Unlike the S. Typhimurium fur mutant, the S. Typhi fur mutant is less phagocytized than the wild-type strain. Previous reports have shown that a defect in SPI-dependent invasion does not result in a decreased phagocytosis by macrophages. The difference in uptake between the two serovars could potentially be explained by the altered cellular morphology. It has been previously shown that filamentous Salmonella cells are defective in invasion of epithelial cells and in early interaction with macrophages (Humphrey et al. 2011; Shippy et al. 2011) . Furthermore, it has been shown that the macrophage uptake defect can be attributed to mutations in flagellar or chemotaxis genes in Salmonella (Olsen et al. 2013) . As the S. Typhi fur mutant showed a more marked swimming defect than the S. Typhimurium fur mutant, the loss of flagellar function coupled with an altered morphological shape may explain the difference between the macrophage uptake levels of these two serovars. These results show an important difference in the role of the Fur regulator for these two strains that belong to different serovars, where Fur has an important role for the interaction of S. Typhi with macrophages, whereas for S. Typhimurium Fur is not required for infection of these cells.
Globally, Fur differentially affected the physiology and the virulence of an S. Typhi and S. Typhimurium strain. Fur was more important for S. Typhi during growth, morphology of the bacterial cells, motility and interaction with host cells. In silico analysis of the Fur regulon using DNA motif (http://genome2d. molgenrug.nl/index.php/dna-motifs) and the promoter analysis of Virtual Footprint (http://prodoric.tu-bs.de/vfp/vfp promoter. php) in each serovar did not reveal any specific genes associated with cell division, motility or virulence in the genomes of strains from either of these serovars. The S. Typhi fur mutant was more affected than the S. Typhimurium fur mutant in the different experiments we performed, showing that the loss of this conserved regulator may have distinct outcomes for each of these Salmonella serovars.
